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Abstract— We have developed high-performance x-ray mi-
crocalorimetersbasedon superconductingtransition-edgesensors.
Thesesuperconducting detectors,which are cooledby a compact
adiabatic demagnetization refrigerator mounted on a scanning
electron microscope,provide significant new capabilities for x-ray
microanalysis.The performancecharacteristicsof thesedetectors
are nearly ideal for many applications in x-ray microanalysis,at-
taining an energy resolutionof 3-4eV at a counting rate of 500s���
and an effective collection area of 4 mm � . The excellent energy
resolutionenablesmeasurementsof chemicalshifts in x-ray spec-
tra causedby changesin electron binding energy due to chemical
bonding. Another important application of thesedetectorsis anal-
ysisof contaminant particles and defectsfor the semiconductorin-
dustry. We presentdata demonstrating the analysisof particles on
Si wafers, including 0.3 � m tungstenparticles and 0.1 � m alumina
particles.

I . INTRODUCTION

Wehaverecentlydevelopedanx-rayspectroscopy systemfor
microanalysisapplicationswhich is basedon superconducting
technologies[1]. This prototypenot only demonstratessignifi-
cantnew microanalysiscapabilities,but alsoshowsthatsuchan
instrumentis practicaltoconstructandoperate.Thex-raydetec-
tor, or microcalorimeter, measuresthethermalenergy deposited
by an absorbedx-ray, usinga superconductingtransition-edge
sensor(TES) asa thermometer. The microcalorimeterandan
adjacentsuperconductingquantuminteferencedevice (SQUID)
preamplifierare cooledto an operatingtemperatureof 0.1 K
by a two-stageadiabaticdemagnetizationrefrigerator(ADR).
The detectorsignal is then further amplifiedby a series-array
SQUID operatingat 4 K. The large magneticfield (4 T) nec-
essaryfor operationof the ADR is producedby a low current
(10 A) superconductingsolenoidalso operatingat 4 K. High
T � BSCCO/Agconductorsareusedasmagnetcurrentleadsin
orderto minimizethethermalheatloadon the4K bath.

X-ray microanalysisis apowerful andwidely usedtechnique
for providingspatiallyresolvedchemicalanalysis.In suchanin-
strument,ascanningelectronmicroscope(SEM)createsafinely
focusedelectronbeamwhich excitescharacteristicx-raysfrom
thesampleunderanalysis.A spectrometerthenanalyzesthex-
raysto give informationaboutthechemicalcompositionof the
sample. While two typesof spectrometers,energy dispersive
(EDS) and wavelengthdispersive (WDS) spectrometers,have
beenwidely usedfor many years,neither type of instrument
fully meetsthe microanalysisrequirementsfacinga variety of
industries. Even at this early stageof development,our mi-
crocalorimeterspectrometerperformsbetterthanexisting tech-
nologyfor a varietyof difficult microanalysisapplications.
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I I . DETECTOR AND INSTRUMENTATION

An x-ray microcalorimeterconsistsof an x-ray absorberin
thermalcontactwith a thermometer. Theenergy � of an inci-
dentx-ray is convertedto heatin theabsorber, leadingto a tem-
peraturerise �
	������� , where � is theheatcapacityof the
detector. Thetemperatureof themicrocalorimeterreturnsto the
equilibrium temperaturewith a ����� time constant����������� ,
where � is the thermalconductancebetweenthe absorberand
theheatbath.Theenergy resolution��� of a microcalorimeter
is limited by thermodynamictemperaturefluctuations,so that
�������  "!#	%$&� , where  "! is Boltzmann’s constantand 	
is thedetectoroperatingtemperature.Low temperature( ' 100
mK) operationimprovesdetectorperformanceby reducingther-
mal andelectricalnoise,andby reducing� . Reducedheatca-
pacityimprovesdetectorsensitivity andreduces��� .

Severalgroupshave constructedx-ray microcalorimetersus-
ing semiconductorthermistorsas thermometers[2], [3], [4].
While thesedevices obtain energy resolutionssufficient for
many microanalysisproblems( ' 7 eV at 6 keV), their intrinsi-
cally slow responsetimelimits widespreadapplication.Theuse
of highersensitivity TESthermometers[5] permitsconstruction
of detectorswith improved energy resolution,andpermitsthe
useof strongnegativeelectrothermalfeedbackfor betterdetec-
tor responsetime.

Fig. 1 shows a crosssectionalview of a microcalorimeter
includingthephysicallayoutandtheexternalelectricalconnec-
tions.Thedetectoris fabricatedonamicromachinedmembrane
substrate,formed by anisotropicetchingof a Si wafer coated
with a 0.25 ( m thick film of low-stresssiliconnitride. Thethin
membranereducesthethermalconductancefrom thedetectorto
thebath,preventsthelossof absorbedx-rayenergy via highen-
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Fig. 1. Cross-sectionalview of the TES microcalorimeter. An x-ray
passesthroughan apertureand is absorbedin the Bi film. The
resultingthermalenergy pulseraisesthe temperatureof the TES,
causingan increasein resistanceof the TES, and a pulseof de-
creasedcurrentat theSQUID input.



ergy phononsescapinginto thesubstrate,andeliminatesx-ray
absorption) in thesubstrate[6]. Theelectricalcontacts,TES,and
absorberaredepositedon thesubstratechipsby electron-beam
evaporationthroughshadow masks. Electricalcontactsto the
TESaremadewith superconductingaluminumlineswhichhave
a very small thermalconductivity. The TES consistsof a 300
nmthick bilayerof Ag andAl. Proximitycouplingbetweenthe
normalmetalAg andthesuperconductingAl providessharpand
reproduciblesuperconductingtransitionsat temperaturesin the
range50mK to 1 K. Thethicknessesof thetwo metalsarecho-
sentoobtainasuitabletransitiontemperature,typically120mK.
A 2 ( m Bi film depositedontopof thebilayeris usedasanx-ray
absorber. Theareaof theTESandabsorberarebothroughly400
( m by 400 ( m. Thedetectorfilms aredepositedwithoutbreak-
ing vacuumbetweenevaporationsteps.Thismethodhasproven
to beasimple,andreliablemethodof detectorfabrication.

The use of a superconductingtransitionas a thermal sen-
sorprovidesthedetectorwith many of theadvantagestypically
associatedwith superconductingcircuits. Owing to their low
normal-stateresistance( *,+-'/."0 m1 ), TES microcalorime-
ters are far lesssusceptibleto microphonicpickup than high-
impedancesemiconductorthermistormicrocalorimeters.Low
impedancealsoprovidesefficient couplingto quiet, low-power
SQUID amplifiers.Becausethedetector’s electricalbandwidth
is limited by the 23��*4+ time constantof the SQUID input cir-
cuit ( 2 is the sumof the strayandSQUID input inductances),
improvedspeedandstability areobtainedby mountinga first-
stageSQUID at0.1K closeto thedetectorchip,thusminimizing
strayinductance.Theoutputof thisSQUID is furtheramplified
by a series-arraySQUID [7] operatingat 4 K. The large out-
put voltage(5 mV) andhigh outputimpedance(100 1 ) of the
series-arraySQUID permittheuseof simpleroomtemperature
amplifiers. This arrangementhasseveral practicaladvantages.
First,theconnectionsfrom thedetectorto thefirst-stageSQUID
(whichrequireslow strayinductancesandresistances)aremade
by very shortsuperconductingAl wire bonds. Also, the large
signalsandrelatively high sourceimpedance(1 1 ) of thefirst-
stageSQUID permitsignalconnectionfrom the0.1K first stage
to the4 K series-arrayto bemadeusingconnectorsandsimple
twisted pair wiring. This methodincreasessystemreliability
andhassmallthermalloadingontothe0.1K stage.

Constructionof a practicalprototypesystemrequirescareful
considerationof therefrigerationnecessaryto reachtheoperat-
ing temperatureof 100 mK. The refrigeratormustbe compact
enoughto bemountedon anSEM, have low vibration,andbe
simpleto operate.To achieve thesegoals,we useanadiabatic
demagnetizationrefrigerator[8] to providecoolingfrom theliq-
uid He reservoir at 4K to the detectorstageat 100 mK. The
ADR consistsof two paramagnetic“pills” constructedof ferric
ammoniumalum(FAA) andgadoliniumgallium garnet(GGG)
whicharesupportedin theboreof 4 T superconductingmagnet
by a low thermalconductancemechanicalsupport.Demagneti-
zationcausestheFAA pill to cool to 50 mK andtheGGGpill
to 1 K. TheGGGpill is usedasan intermediateheatintercept
between50 mK and4 K, reducingthermalleakageto theFAA
pill, thusincreasingthehold-timeof theFAA pill. A mechan-
ical heatswitch is usedto thermallygroundboth pills to 4K.
Thedetectoris mountedonaCurodwhichis in thermalcontact

Fig. 2. Photographof the ADR cryostatmountedon a commercial
scanningelectronmicroscopecolumn. The microcalorimeteris
mountedneartheendof asnoutthatextendsinto thesamplecham-
berof themicroscope.

with theFAA pill. A detectoroperatingtemperatureof 70 mK
canbeheld for over 12 hours,at which time theADR requires
a magnetic“recharge” cycle which takeslessthan45 minutes
to perform. A commercialtwo-cryogen(LHe andLN $ ) cryo-
statprovidesa 4 K bathfor theADR. Thecompletecryostatis
shown mountedon thecolumnof anSEMin Fig 2.

As in any SEM-basedx-ray spectrometer, the detectoris
mountedascloseaspossibleto the sampleunderstudy to in-
creasethefractionof x-rayscollected.To achieve thisgoal,the
TESmicrocalorimeteris placedattheendof acoldfingerwhich
is insideasnoutthatprotrudesfromthecryostatandextendsinto
the SEM. A commercialvacuum-tightx-ray window placedat
theendof thesnoutpermitsx-ray illumination of thedetector.
Within the snout, two free-standingAl-coatedpolymer mem-
branesat 4 K arepositionedbetweenthex-ray window andthe
detector, reducingtheinfraredheatloadonthedetector. Thisar-
rangementallowsusto placethedetectorlessthan30mmfrom
theSEMsamplestage.

Althoughourmicrocalorimetershaveasmallcollectionarea,
wecandramaticallyincreasetheeffectivedetectorareaby using
polycapillaryx-ray optics [9], [10]. Theseopticsutilize high-
efficiency grazing-anglex-ray reflectionsto deflectx-raysover
a wide angle. A polycapillaryoptic consistingof tensof thou-



TABLE I
X-RAY SPECTROMETER COMPARISON

SpectrometerType Energy Maximum SolidAngle Collection
Resolution(eV) CountRate(s576 ) (msr) Efficiencya (msr)

SemiconductorEDS(high resolution) 130(at 6 keV) 3000 25 19
WDS(severalcrystals) 2-20 50000 8 to 25 0.8to 2.5b

MicrocalorimeterEDSwith 7 (at6 keV) 150 4 2
polycapillaryx-rayopticsc 3 (at1.5keV) 500 10 5

A morecompletetableis presentedin [1].8
Collectionefficiency is definedastheproductof solidangleandoverall quantumefficiency at 1.6keV.9
BecauseWDS acceptsx-raysfrom only a narrow energy band,its practicalcollectionefficiency is further reduced(up to several ordersof magnitude)when

scannedover theentireenergy range.:
Themicrocalorimeterresultspresentedin this tablereflectdatatakenfrom two detectorsof differentdesignusingdifferentoptics.

sandsof fusedglasscapillariescancollectx-raysfrom a point
x-ray sourceandfocusthex-raysonto thesmall areaabsorber
of our detector. This techniqueincreasesthe effective areaof
themicrocalorimeterby a factorof nearly300for abroadrange
of x-rayenergies(200eV to ' 10keV).

I I I . M ICROANALYSIS APPLICATIONS

TES microcalorimetersmust show significantperformance
increasesover currentlyavailabletechniquesto be of practical
valueto themicroanalysiscommunity. In semiconductorEDS,
whichconstitutesover90%of installedx-raymicroanalysissys-
tems,the detectorconsistsof a voltage-biasedsemiconductor
crystal.Absorbedx-rayscreateelectron-holepairswhich sepa-
rateundertheappliedelectricfield andyield a collectedcharge
proportionalto the x-ray energy. High-resolutionEDS spec-
trometersachieve anenergy resolutionof roughly130eV full-
width at half maximum(FWHM), at a countrateof 3000s576 ,
andhave a relatively large collectionarea(25 msr for typical
conditions). In WDS system,an x-ray wavelengthis selected
for measurementby mechanicallyadjustingthe incidentangle
of acurveddiffractingcrystalto satisfytheBraggreflectioncon-
dition. The resultingx-raysarethenmeasuredusinga propor-
tionalcounter. WhileWDScanachieveenergyresolutionsin the
rangeof 2-20eV at countratesof up 50000s576 , they canmea-
sureonly onex-ray energy at a time, thusrequiringmechanical
scanningof thecrystalin orderto obtaina completespectrum.
Thesesystemshavesignificantlysmallercollectionareasandef-
ficienciesthanEDS systems,andaresusceptibleto systematic
errorsdueto variationsin spectrometerefficiency with energy.
With our TES microcalorimeterwe combinethe energy reso-
lution of WDS with the easeof useandapplicability of EDS.
In Table I, we summarizetypical performancecharacteristics
of the conventionalandmicrocalorimeter-basedspectrometers.
Anothernew high resolutionx-ray detector, the superconduct-
ing tunnel junction [11], canachieve muchhighercountrates
thanthemicrocalorimeter, but hasworseenergy resolutionand
suffersfrom potentiallyseriousspectralartifacts.

A. High ResolutionEnergyDispersiveAnalysis

MicrocalorimeterEDS canalreadysolve many difficult ma-
terials analysisproblemsin the semiconductorindustry. Cur-
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Fig. 3. MicrocalorimeterEDS x-ray spectrumof TiN. The original
spectrumwascorrectedfor energy nonlinearity, resultingin a con-
stantenergy binwidthof 0.45eV perchannelover theenergy range
presented.

rently, performanceof microcalorimeterEDS approachesthat
of high-resolutionsemiconductorEDS in termsof solid angle
(4 msr usingan polycapillaryoptic x-ray lens)andmaximum
countrate(500s576 ; over1000s5=6 usingabeam-blanker),while
providing energy resolutioncomparableto thatof a WDS. The
energy resolutionof our first-generationmicrocalorimeterEDS
( ' 10eV FWHM overtheenergy range0 keV to 10keV) allows
straightforward identificationof closelyspacedx-ray peaksin
complicatedspectra(suchasthetechnologicallyimportantma-
terialsTiN andWSi$ ) which cannotberesolvedwith semicon-
ductorEDS.Recently, wehavedevelopedaTESmicrocalorime-
ter with an energy resolutionof 3-4 eV over the energy range
0-2 keV. The ability to resolve severepeakoverlapsusingthis
detectoris clearlyobservedin Fig. 3, which comparesanx-ray
spectrumof TiN acquiredin real time with our microcalorime-
ter EDSto a spectrumobtainedby conventionalsemiconductor
EDS.
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Fig. 4. MicrocalorimeterEDS x-ray spectrumof a 0.3 � m diameter
W particleon a Si substrate.Theoriginal spectrumwascorrected
for energy nonlinearity, resultingin anenergy binwidthperchannel
thatincreasesfrom0.7-1.1eVovertheenergy rangepresented.The
electronbeamdiameterwasestimatedto be lessthanthe particle
diameter. Thegoodenergy resolutionof this detectorenableseasy
identificationof thecloselyspacedSi-K andW-M lines.

B. Particle Identification

A difficult microanalysischallengefacingthesemiconductor
industryis thechemicalidentificationof thesmallparticlesand
defectsthatoccurin themanufactureof integratedcircuits[12].
As circuit dimensionscontinueto shrink,it becomesimpossible
toperformthistaskefficientlywith eitherEDSor WDSsystems.
To obtainx-rayspectraof asmallparticle,theelectron-beamen-
ergy mustbesubstantiallyreducedsothatthemajorityof x-rays
originatefrom theparticleandnot theunderlyingsubstrate.The
low energy electron-beamgreatlyreducesthex-rayflux perunit
beamcurrent,while increasingthe likelihoodof unresolvable
peakoverlaps.Becauseof this,bothhighenergy resolutionand
largeefficiency arerequired,sothatneitherWDS nor semicon-
ductorEDS aregooddetectorchoices.Additionally, thesmall
x-ray flux imposesonly modestrequirementson detectorcount
rate.

In Fig. 4 we show a microcalorimeterEDS spectrumof a
0.3 ( m diameterW particle on Si. Suchparticlescannotbe
analyzedusingsemiconductorEDSdueto theseverepeakover-
lapsbetweentheSi-K andW-M x-ray lines. Theability of mi-
crocalorimeterEDS to analyzesmall Al $ OC particleshasalso
beeninvestigated. In Fig. 5 we show microcalorimeterEDS
spectraof Al $ OC particlesassmallas0.1mmin diameter. In all
cases,peaksfrom theAl $ OC particlesareclearlyobservableand
area significantfraction of the Si substratepeaks. In the case
of the smallestparticles(0.1 and0.14 ( m) the electronbeam
diameterwaslarger thantheparticle,leadingto increasedsub-
stratepeaks.This problemcanbealleviatedthroughtheuseof
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Fig.5. MicrocalorimeterEDSx-rayspectraof severaldifferentlysized
Al � OE particleson a Si substrate.The averagediameterof each
particleis displayeddirectly above its spectra.The original spec-
trum were correctedfor energy nonlinearity. The electronbeam
diameterwasestimatedto be larger thanthe diametersof the two
smallestparticles. In all caseswe seeclearsignalsfrom both the
aluminaparticeandtheSi substrate.

a field-emissionSEM.

C. Measurementof ChemicalShift

Chemicalshifts in x-ray spectraresultfrom changesin elec-
tron bindingenergiesdueto chemicalbonding.Chemicalshift
measurementswith analyticaltechniquessuchasx-ray photoe-
missionspectroscopy andAuger electronspectroscopy (AES)
have longbeendemonstratedto providechemicalbondingstate
information.Theability to identify particleoxidationstate(for
example,Al andAl $ OC ) usingAEShasbeendemonstratedasa
meansof determiningsourcesof contaminationin semiconduc-
tor processingtools[13].

The improvedenergy resolutionof our mostrecentTESmi-
crocalorimetershouldallow routinemicrocalorimeterEDSmea-
surementsof chemicalshiftsin x-rayspectra.In Fig. 6 wecom-
parethechemicalshift observedbetweenthesetwo compounds
with bothmicrocalorimeterEDSandWDS [14]. While chem-
ical shiftshave beenmeasuredwith WDS, thesemeasurements
are not routinely performedbecauseof systematicdifficulties
andtheextremetimepenaltyof scanning.TheEDSoperationof
themicrocalorimeterensuresthatall peakshapesandintegrated
peakintensitiesare readily accessible.With further improve-
mentsin theenergy resolutionof themicrocalorimeter, analysis
of the chemicalbondingstateof small particlesmay become
practical.

IV. CONCLUSIONS

We have constructeda prototype high-performancex-ray
spectrometersystem,anachievementmadepossibleby a num-
ber of developmentsin superconductingand cryogenictech-
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nologies. Our spectrometerdemonstratesnew capabilitiesfor
a varietyof importantmicroanalysisapplications.
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